Palaeoshorelines that lie submerged on stable continental shelves are relict coastal depositional and erosional structures formed during periods of lower sea level. An analysis of the well-dated Late Quaternary (0-128 ka) sea-level record indicates that the most persistent (modal) lower sea levels were at 30 -40 m below present, which occurred between 97 and 116 ka and at approximately 85 ka and 10 ka. A secondary modal position was at 70-90 m that occurred mostly during a period of fluctuating sea level between 30 and 60 ka, as well as at around 87 ka (70 -80 m only) and 12−15 ka. For the tectonically stable Australian continental shelf, we show that a range of shorelines formed at each of these sea level modal positions and their morphology and degree of preservation depends on composition (carbonate vs siliciclastic) and oceanographic setting (wave, tide and wind energy). These ancient coasts record a range of oceanographic and geological regimes that existed during relatively long periods of lower sea level and provide a guide to the general depth zones in which similar features likely occur on other shelves globally. Australian palaeoshorelines represent distinctive benthic habitats that strongly influence the distribution of biodiversity across the shelf. Accurate mapping of these features provides a robust geospatial framework for investigations of marine species distributions and environmental change monitoring. These data also enable the better targeting of relict coastal areas that potentially include sand resources and sites of human occupation during periods of lower sea level.
Introduction
Submerged palaeoshorelines are the remnants of relict coastal depositional and erosional landforms. Depositional forms include various sedimentary deposits (e.g. beaches, coastal dunes, subtidal banks) and biogenic structures (e.g. coral reefs, algal banks) that were drowned as sea level rose. Shoreline erosional structures produced by the impact of wave action and/or bioerosion (e.g. cliffs, ledges) were likewise stranded on the shelf as sea level rose. On stable continental shelves, palaeoshorelines record the position at which sea level persisted for periods long enough for coastal processes to form these structures (e.g. Harris et al., 2005; Brooke et al., 2010a; Cawthra et al., 2014 ; Table 1 ). Where preserved, these structures capture a valuable record of environmental change and can inform our understanding of modern shelf ecosystems, particularly the distribution of seabed features that provide important habitat for benthic biological communities (Banks et al., 2008; Nichol et al., 2012; Brooke et al., 2012a) . In some cases, these same features may indicate the location of relict coastal resources that were utilised by humans and so are also of archaeological significance (examples in Evans et al., 2014; Harff et al., 2015a) .
Palaeoshorelines formed during the Late Quaternary glacio-eustatic sea-level cycle have the highest potential to have been preserved on the modern shelf. These structures formed during periods of lower sea level following the peak of the Last Interglacial until the middle Holocene, as represented by MIS 5d (~109 ka) through to MIS 1 (~6.5 ka) (Lisiecki and Raymo, 2005) . During this period, especially with the onset of the Last Glacial Maximum lowstand of MIS 2 (~21 ka), stable shelves were emergent if not shallower and, depending on offshore gradients, narrower than present, with coastal oceanographic regimes and shoreline sedimentary environments markedly different from the present. For example, lowstand shorelines composed of oolitic and heterozoan carbonates contrast with adjacent modern photozoan coastal deposits (Wiedicke et al., 1999; Jarrett et al., 2005) ; lowstand temperate carbonates clearly differ from the modern siliciclastic coast (Ferland et al., 1995) ; and relict, drowned coastal plains of lower gradient define Southeast Australian Shelf, northern NSW Shore-parallel ridges, up to~5 m relief:
indurated, relict beach deposits or bedrock outcrops?
60-70
Middle shelf, low gradient.
High energy, microtidal, silicilastic Jordan et al., 2010 Eastern Tasmanian Shelf, offshore Freycinet
Freycinet: low ridges, 1 -5 m, possibly relict beaches.
90-100
Outer Shelf, low gradient
Moderate-high energy, microtidal, carbonate Nichol et al., 2009 Coastal Dune Fields Rottnest Shelf, SW Western Australia Irregular hardground, up to 8 km wide, with 5−15 m relief; some parabolic dune morphology preserved. Apparent surficial extensions of these dunes on nearby Rottnest Is were emplaced in MIS 3, 2.
40-50
Middle shelf High energy, micro tidal, carbonate Brooke et al., 2010a Brooke et al., , 2014 Nicholas et al., 2014 Carnarvon Shelf, central Western Australia Field of mounds, 2-5 m relief, and ridges, up to 16 m relief and 1.5 km long,~shore normal (remnants of large parabolic dunes).
Mounds: 28-40; Ridges: 35-40 Features extend across inner shelf. High energy, micro tidal, carbonate Brooke et al., 2009; Nichol and Brooke, 2011;  Coral Reefs Platform, Barrier and Fringing Reefs Great Barrier Reef Shelf, Queensland Extensive liner, oval and irregular shaped banks, with~26 -44 m of relief. The base of the relict reef at Noggin Passage is 12.8 ka (~60 m depth).~2 7 (middle shelf)~60 (outer shelf) Broad, low gradient shelf with steeper outer margin. Banks/relict reefs occur dominantly outboard of the modern reef, along several segments of the outer shelf.
Moderate to high energy, micotidal, carbonate. Abbey and Webster; Yokoyama et al., 2011; Harris et al., 2012; Hinestrosa et al., 2014 Hinestrosa et al., , 2016 Lord Howe Is and Balls Pyramid shelves, offshore NSW Series of elongate banks and reefs,~5
-20 m relief, that sit a few km offshore and surround Lord Howe Is and Balls Pyramid. Reefs mostly early Holocene,~9 ka.
25-35
Carbonate shelves that surround volcanic islands. High energy, micro tidal, carbonate Brooke et al., 2010b; Woodroffe et al., 2010; Linklater et al., 2015 Carnarvon Leveque Shelf: Straight to meandering channels up to 2 km wide, up to 10 m relief.
80-90
Very broad, low gradient Low wave energy, meso to macro tidal, carbonate Carroll et al., 2012; Nichol et al., 2013; Picard et al., 2014; Anderson et al., 2011; Heap et al., 2010 Capricorn Shelf, southern GBR 
100
Middle shelf High energy, micro tidal, carbonate Sprigg, 1979; Hill et al., 2009 Otway Shelf, Victoria Prominent relict shoreline cliffs, 14 m relief, and adjacent remnant sea stacks.
60
Middle shelf High energy, micro tidal, carbonate Bezore et al., 2016 Northeast Tasmanian Shelf
Ridges with 1−2 m relief, likely erosional (bedrock), inter-to shallow subtidal origin.
60-90
Outer shelf B.P. Brooke et al. Continental Shelf Research 134 (2017) 26-38 a different shoreline configuration compared to the modern compartmentalized coast (Cawthra et al., 2015) . Hence, depositional palaeoshoreline structures are likely to differ in morphology from their modern counterparts on any given coast. Further, the degree of preservation of these relict features will also vary depending on the intensity of coastal erosional processes during subaerial exposure and marine transgressions, and the volume and degree of resistance to erosion of the features (Bateman et al., 2004 (Bateman et al., , 2011 Cawthra et al., 2014; Nichol and Brooke, 2011; Brooke et al., 2010a Brooke et al., , 2014 . In this paper, we analyse Late Quaternary sea-level data to identify the most frequent lower sea levels -those modal elevations (depth intervals on the shelf) at which shoreline processes were most focused globally. We compare these data with the depth of occurrence of palaeoshoreline features that have been mapped in detail at a number of locations around the Australian continental shelf and adjacent islands to ascertain the effectiveness of these past sea levels in forming shoreline structures. The potential for some of these structures to have formed over multiple glacial cycles, as the integrated product of multiple sea level stillstands, is also considered.
We classify the morphology of palaeoshorelines based on their likely original environmental settings and formative processes (e.g. coastal dune, coral reef), and indicate their likely time of formation by comparing their elevation (depth) with the well-dated sea-level records. The influence of these features on benthic biodiversity and, therefore, relevance for environmental management is briefly examined. We also outline the utility of fine-scale bathymetric data for the study of human occupation of the coast during periods of lower sea level, the identification of offshore sand deposits and note the distribution of palaeoshorelines on a range of other continental shelves.
Study area
The Australian continental shelf forms a mostly broad, shallow sea (0-250 m) around the continent. It ranges in width from a few kilometres (e.g. southern New South Wales; central Western Australia) to hundreds of kilometres (e.g. north western WA); and from flat and mostly sediment covered (northern WA), to rocky and rugose (southern Tasmania) Nichol et al., 2009;  Fig. 1 ). The shelf occurs across 33 degrees of latitude and 40 degrees of longitude, encompassing tropical to cool temperate waters that are predominantly oligotrophic, and range from high-energy, micro-tidal, wave-dominated environments in the south to macrotidal, tide-dominated in the north (Brooke et al., 2012b) .
The Australian shelf receives little terrigenous sediment due to the relatively low discharge of Australian rivers (McMahon and Finlayson, 2003) and has extensive carbonate provinces (James and Bone, 2011; Hopley et al., 2007) . During the Late Quaternary, the shelf has been tectonically stable due to the Australian continent's intra-plate setting (Pain et al., 2012) . Being a far-field location from ice sheets that formed during the last glacial period, the shelf has been little influenced by glacio-isostatic processes (Murray-Wallace and . Postglacial hydro-isostatically induced vertical movements of the shelf have been relatively small, resulting in less than 2 m of adjustment on the coast (Lambeck and Nakada, 1990; Lambeck et al., 2014) .
This combination of shelf characteristics -mostly broad and largely low-gradient morphology, sediment starved, extensive carbonatedominated regions, tectonic stability, wide range of oceanographic regimes -gives the Australian shelf a high potential to retain a wide range of palaeoshoreline forms that are representative of structures likely to occur on a variety of continental shelves globally.
Methods

Sea-level data
The Late Quaternary relative sea-level reconstructions of Grant et al. (2012 Grant et al. ( , 2014 ; data published in Grant et al., 2014) and Lambeck et al. (2014) are based on robust, well-dated and detailed sets of palaeo sea-level indicator data. The Grant et al. (2014) (Fig. 4A -H) .
B.P. Brooke et al. Continental Shelf Research 134 (2017) 26-38 Stages (MIS) 2 and 3. We use these data sets to identify significant modes in sea-level elevation since the Last Interglacial by analyzing the frequency distribution of the elevation estimates. To achieve this, we merged and harmonized the two datasets to provide a record that spans the period from 128 ka to the present. This required resampling the Lambeck et al. (2014) sea-level data (range: 0−34.75 ka) at intervals of 0.125 ka to match the time intervals of the Grant et al. (2014) dataset (range: 0-128 ka). Thus, each data point of Lambeck et al. (2014) was matched to the nearest corresponding record in the Grant et al. (2014) data. If multiple records of Lambeck et al. (2014) matched with the same record of Grant et al. (2014) , the mean value of the Lambeck et al. (2014) records was calculated to represent the matching sea-level estimate. A combined sea-level dataset was generated between 0 and 128 ka by calculating the mean sea-level value from that of Grant et al. (2014) and the resampled Lambeck et al. (2014) datasets. We classified the composite sea-level data into 10 m depth bins to account for uncertainties in the sea-level estimates (e.g. ± 6 m, Lambeck et al., 2014) . The sea-level dataset of Grant et al. (2014) between 0 and~35 ka and the associated binned sea-level dataset are depicted in Fig. 2a . Similarly, Fig. 2b shows the Lambeck et al. (2014) resampled sea-level dataset between 0 and~35ka and the associated binned dataset. The combined dataset for the period 0 to 128ka, and the associated binned sea-level dataset, are displayed in Fig. 2c . The modes in these data represent the more frequent sea-level elevations at which shoreline constructional or erosional processes are likely to have been focused during the Late Quaternary.
Palaeoshoreline structures and seabed biodiversity
The coverage of high-resolution bathymetry data for areas of the continental shelf, especially those collected using multibeam echo sounders (MBES), enables the identification of relatively subtle seabed structures (e.g. Nichol and Brooke, 2011 ; examples in Harris and Baker, 2012) . Here we utilize the information published for areas of the Australian shelf mapped at spatial resolutions high enough to accurately delineate relict coastal structures (ideally, bathymetry grids of spatial resolution less than a few tens of metres), with descriptions based on well-established morphological terms for modern coastal landforms (Woodroffe, 2002) . For comparison with the sea-level curve, the depths of these features are given as a range for the base (drowned dunes, barriers) or as a crestal depth (reefs, benches, terraces). Examples of the influence of palaeoshoreline features on the spatial distribution of shelf biodiversity are drawn from the literature on the benthic biological communities that occur on palaeoshoreline features on the Australian shelf.
Results
Sea-level modes
The primary mode identified in the Late Quaternary sea-level data is the 30-40 m depth (below present sea-level) interval (Fig. 3b) . Sea level was within this range during six episodes, with a total duration of 19 ka, including the longest episode of any single depth interval which lasted 9 ka (between 107 and 98 ka; Fig. 2c ). Secondary modes are the depth intervals of 70-80 m (18 ka total duration) and 80-90 m (16 ka; Fig. 3b ). The three next most frequent sea levels are 50-60 m (13 ka total duration), 60-70 m (12 ka) and 0-10 m (within the modern littoral zone; Fig. 3b) . Overall, sea level during the Late Quaternary was most frequently between 30 and 40 m and, more broadly, between 70 and 90 m below the present level (Fig. 3b) . A similar result was found by Harris et al. (2005; their 
Shoreline morphology and inferred age
Palaeoshoreline features mapped on the Australian shelf include barriers (shore-parallel beach and dune deposits), coastal dune fields, coral reefs, estuarine channels and shoreline cliffs ( Table 1) . The depths at which the well-mapped features occur broadly align with the major modes in the Late Quaternary sea-level data. The features likely formed over a number of episodes that comprise the modes (Fig. 3 .b) and possibly were initiated during an earlier Pleistocene sealevel cycle (discussed in Section 5.1). Relict barriers, coastal dunes, sand banks, coral reefs and estuary channels all occur within, or partly intersect, the primary sea-level mode of 30 -40 m (e.g. dunes: 30-50 m; Table 2 ; Fig. 3b;) . That some features only partly intersect the modal sea level can be explained by the typical elevation range of those landforms, especially barriers and dunes. Relict barriers and cliffs also occur within the deeper 60-70 m depth mode; and barriers, coral reefs, cliffs and estuary channels have been recorded within the range of the mode at 50-60 m. However, the relatively broad depth range of some structures (e.g. estuarine channels; Table 1 ) spans several depth classes (Fig. 3a) . In contrast, the mapped relict coral reef and shoreline cliffs have a much narrower range of depths (discussed in Sections 5.2-5.5).
Based on the well-dated sea-level records, mapped structures currently in depth intervals of 20-30 m likely formed during intermediate stands of sea level between 115 and 120 ka and/or at around 9 ka, in the later stage of the last marine transgression; those in the 30 -40 m depth interval formed between 97 and 116 ka and/or at around 85 and/or 10 ka (Fig. 2c) . Features in depths of 60 -70 m relate to sea levels that occurred between 52 and 62 ka, 72 -77 ka and/or at around 97 ka, as well as approximately 12 ka; and those in depths of 50 -60 m likely relate to sea levels reached between 75 and 80 ka and 90-95 ka, as well as at approximately 110 and 12 ka. Cliffs mapped at depths around 125 m would have formed during the Last Glacial Maximum at approximately 20 ka ( Fig. 2c; Fig. 3a) .
Discussion
Past sea levels and shorelines
The more frequent sea-level stands broadly match the depth ranges of palaeoshorelines that have been mapped on the Australian continental shelf (Fig. 3) . Given the stability of the shelf, its wide range of oceanographic regimes and high potential to preserve drowned structures, the results are useful as a global indicator of the depth zones in which shoreline structures were well-developed during the Late Quaternary. The sea-level modes identified indicate the range of depths in which palaeoshorelines, if preserved, are likely to occur on other shelves. For example, early Holocene coral reefs sit in depths of around 30-40 m at many locations on the shelf of northern Australia (e.g. Harris et al., 2004 Harris et al., , 2008  Table 1 ; Fig. 3a) and similar structures at these depths have been recorded in Florida (Banks et al., 2008) and throughout the Caribbean (Hubbard et al., 2008 ; discussed in Section 5.8).
Some palaeoshorelines may include remnants of shoreline structures formed during earlier glacial/interglacial cycles, as recorded for onshore remnant deposits such as barriers and dunes (e.g. MurrayWallace et al., 2001; Bateman et al., 2011) . However, unlike onshore deposits, shoreline features on the shelf that formed under past glacial/ interglacial cycles have been subject to multiple episodes of marine erosion and therefore have a lower potential for preservation. The more robust structures, such as coral reefs and cliffs, have a much higher potential to be preserved over multiple sea-level fluctuations (discussed in Section 5.3). Assessing the influence on the formation of these 'hard' features of shoreline processes that operated during the last glacial cycle compared to previous cycles requires the feature to be dated (e.g. coral reefs; Hinestrosa et al., 2016) , which is a challenge for many features (Table 1) . Table 2 , details in Table 1 ). B: Histograms of the frequency of the combined sea-level data of Grant et al. (2014) and Lambeck et al. (2014) binned in 10 m intervals (sea-level curve shown in Fig. 2C ). Segments in the columns of the histogram represent the duration of discrete periods when sea level was within the depth range of the 10 m bins. Sea-level modes at 30-40 m and 50-60 m (large rectangles) align well with the depths of several palaeoshoreline features.
Sediment type and preservation of barriers and dunes
Geological and oceanographic factors also influence the development and preservation of relict coasts (e.g. sediment type, sediment load to shelf, current and wave regimes). In particular, the degree of preservation is influenced by sediment type and the time since formation, the latter which defines the number of sea-level fluctuations (statidals and interstadials; glacials and interglacials) a particular relict feature will have experienced. Thus, the most recently formed and strongly-indurated deposits (e.g. Holocene coral reefs) are more likely to be preserved as they have been subjected to shorter or relatively less effective periods of erosion. Whereas older barriers that are weakly indurated (e.g. formed during early MIS 3), will have experienced multiple episodes of erosion associated with fluctuations in sea level.
Carbonate-producing marine biota (e.g. coral, algae, bryozoans, foraminifera, molluscs) have played a key role in the formation and distribution of palaeoshoreline structures on the Australian shelf, especially in regions where there is a low input of terrestrial sediment. These biota have formed reefs and banks, and their skeletal fragments accumulated into extensive, large coastal barriers and dune fields (Table 1; Brooke et al., 2012b) . Carbonate sediment that forms barriers and dunes, although initially highly mobile, can be rapidly cemented by meteoric and vadose zone processes in coastal environments (e.g. Kindler and Hearty, 1997; Kindler and Mazzolini, 2001) , which enhances the preservation of these deposits through periods of subaerial exposure, marine transgression and submergence (James et al., 2004; Brooke et al., 2010a; Nichol and Brooke, 2011; Cawthra et al., 2015) .
In the temperate waters of southern Australia, relict coastal barriers are the most prominent type of palaeoshoreline structure. They occur along the carbonate-dominated Rottnest Shelf on the southwest margin (e.g. Brooke et al., 2010b; Nichol and Brooke, 2011) , the Esperance Shelf in the south (Ryan et al., 2008) and the Lacapede Shelf (Sprigg, 1979; Hill et al., 2009 ) and Gippsland Shelf (Beaman et al., 2005) in the southeast. Similarly, coastal dune fields composed of carbonate sand have been partially preserved on the Rottnest and Carnarvon shelves of Western Australia (Table 1 ; Fig. 4c, d ). These deposits were emplaced during periods of lower sea level and became cemented prior to being partially eroded and drowned by the last marine transgression. They form structures with up to 16 m of relief that extend across several kilometres of seabed, having migrated inland from shorelines that occurred when sea level was at least 40 m (Carnarvon Shelf) and 50 m (Rottnest Shelf) below the present level. Although undated, their depth, morphology and ages for nearby, subaerial exposures of similar features suggest that they were deposited during the period from MIS 4 to MIS 2 as mobile dune fields under southwesterly wind ( Fig. 4c, d ; Brooke et al., 2010a Brooke et al., , 2014 Nichol and Brooke, 2011; Nicholas et al., 2014) . More subtle barrier deposits, with a few metres of relief, have been preserved on the carbonate-dominated Gippsland Shelf in the form of a beach-ridge strandplain (depth~65 m, Table 1 ; Beaman et al., 2005;  Fig. 4a ).
In contrast, the siliciclastic-dominated eastern shelf offshore New South Wales and southeastern Queensland, where large remnants of Late Quaternary barriers occur on the modern coast, appears to have no equivalent large relict structures on the adjacent shelf, rather only low-relief remnants and buried deposits (Roy, 1998; Whitehouse, 2007; Brooke et al., 2015;  Table 1 ). Clearly, sediment type plays a key role in determining the preservation of depositional palaeoshoreline structures. Sediment type also influences the rate of lithification. For example, coral reef builds a structure which is lithified during formation, while other carbonates (e.g. foraminifera and molluscs) contribute to landforms that subsequently become cemented because of their calcareous nature.
Coral reefs
In tropical waters of north, northwestern and northeastern Australia, drowned coral reefs are prominent shelf structures that record past periods of relatively stable sea-level that persisted long enough for the distinctive reef crest morphology to develop (or rose slowly enough for the reef to 'keep up'; Table 1 ; Figs. 3, 4d-g ). Across these regions, relict reefs are preserved at depths consistent with the primary sea-level modes (30-40 and 70-90 m below present). Thus, offshore the modern Ningaloo Reef on the Carnarvon Shelf of Western Remnant dune structures that extend 100 s metres to several kilometres across the shelf with relief up to 10 m (e.g. parabolic dunes that migrated landward).
30-50
Nearshore Banks Low-profile, stranded sand banks or buried deposits on the inner-middle shelf that formed in the littoral zone as subtidal banks and bars, less than 5 m high.
20-40
Estuarine Basins/Deltas Sediment bodies on the shelf that were deposited in estuarine environments. ?
Fringing, Barrier & Platform Coral Reefs Coral reef structures that developed within the intertidal to shallow sub-tidal zone; several to tens of kilometres m in length and 10 s of metres high.
27-31 58-60 25-35 90
Erosional Shoreline Cliffs and Benches Planar bedrock structures that formed in the intertidal zone through wave erosion and weathering; often parallel to the coast and several to tens of metres high. 60 70 100 125
Estuarine channels Channel structures on the shelf that were cut into the seabed by tidal currents in or near the mouth of an estuary; and maintain a negative relief.
80-90 30-55
B.P. Brooke et al. Continental Shelf Research 134 (2017) 26-38 Fig. 4 . Acoustic images of example palaeoshoreline structures mapped with MBES systems on the Australian continental shelf. A: Beach-ridge strandplain on the Gippsland Shelf (after Beaman et al., 2005) . B: Shoreline cliff, Otway Shelf (after Bezore et al., 2016) . C: Dune remnants, Rottnest Shelf (after Nicholas et al., 2014) . D: Parabolic dune remnants and linear reef, Carnarvon Shelf (after Nichol and Brooke, 2011) . E: Relict barrier reef, Great Barrier Reef Shelf (after Hinestrosa et al., 2016) . F: Drown platform reef, Londonderry Rise, NW Shelf (after Nichol et al., 2013) . G: Drown barrier reef, Sahul Shelf/NW Shelf (after Howard et al., 2016) . H: Relict macro-tidal estuarine channels, outer Bonaparte Gulf, NW Shelf (after Carroll et al., 2012) .
B.P. Brooke et al. Continental Shelf Research 134 (2017) 26-38 Australia, the crest of extensive, approximately shore-parallel linear structures lie~40 m below present sea level (Fig. 4d) . Their morphology indicates the ridges formed as fringing reefs, similar to the adjacent modern fringing reefs. Although they have not been cored and dated, their depth indicates that they last grew in the early Holocene or earlier in an interstadial period (e.g. MIS 3; Nichol and Brooke, 2011) . Potentially, at least part of these reef structures formed in an earlier glacial cycle. In the Gulf of Carpentaria on the northern shelf, numerous carbonate banks at a depth of approximately 30 m are composed of drowned coral reefs that developed during the early Holocene, during the later stage of the last marine transgression, and earlier in the Pleistocene ). An example of a barrier reef within the deeper sea-level mode is found on the Sahul Shelf in the northwest where an extensive relict barrier reef is preserved at a depth of 90 m (Howard et al., 2016 ; Fig. 4g ).
On the shelf edge seawards of the Great Barrier Reef (GBR), a series of coast-parallel banks and terraces are drowned reefs that last grew when sea level was tens of metres lower than present, and align with a number of sea-level modes (Table 1; Fig. 4e ). Extensive carbonate banks on the middle to outer shelf, at a depth of approximately 27 m, appear to represent drowned coral reefs (Harris et al., 2013; Abbey et al., 2011) . On the GBR shelf edge, terraces also occur at depths of approximately 40-50 m, 80-90 m and between 100 and 120 m (Beaman et al., 2008; Yokoyama et al., 2011) , and record phases of reef growth that occurred from shortly before the Last Glacial Maximum lowstand (~25 ka) to near the end of the post-glacial marine transgression (~10 ka) (Yokoyama et al., 2011; Hinestrosa et al., 2014 Hinestrosa et al., , 2016 ; Table 1 ; Fig. 3b ). Further south, drowned reefs also occur on the shelf that surrounds the remote Lord Howe Island (offshore northern NSW) at depths of 25−50 m and largely formed during the early Holocene (Woodroffe et al., 2010; Linklater et al., 2015) .
Relict coral reefs may have formed some distance from a continental coast, as occurs with the modern Great Barrier Reef that sits tens of kilometres off the Queensland coast and with platform reefs on the Northwest Shelf. Relict reefs often have terraces around their margins, recording multiple phases of lower sea level during which the reefs were exposed, their margins eroded and in some locations they formed islands (e.g. Harris et al., 2007; Woodroffe et al., 2010; Abbey et al., 2011; Yokoyama et al., 2011; Nichol et al., 2013;  Fig. 4e, f) . Thus drowned reefs and large-scale terraces on the shelf edge can be complex structures that record both erosional (wave-cut features) and constructional (reef building) processes during repeated periods when sea level was tens of metres lower than present and relatively stable (Hinestrosa et al., 2016) .
Estuarine structures
Channels and associated sediment bars and banks that are characteristic of estuarine environments can form prominent shelf features that extend over a relatively broad range of depths (Ryan et al., 2007; Fig. 3a) . It may therefore be difficult to associate drowned estuarine structures with a sea-level modal position in the absence of robust dating of in situ deposits. Macro-and meso-tidal estuarine morphologies (meandering or sinuous channels, often funnel shaped; multiple channels, bars and banks) occur extensively on the northern area of the Northwest Shelf ( Fig. 4h ; Heap et al., 2010; Anderson et al., 2011; Carroll et al., 2012; Nichol et al., 2013; Picard et al., 2014 ) and the GBR Shelf offshore central Queensland (Ryan et al., 2007) . On the Fig. 4. (continued) B.P. Brooke et al. Continental Shelf Research 134 (2017) 26-38 Lacepede Shelf of southern Australia, the channel of the ancestral Murray River still cuts across the middle and outer shelf and is partly infilled with sediments emplaced in a micro-tidal estuarine environment (Hill et al., 2009) . While the age of these relict estuarine features remains to be determined, they likely represent estuaries that formed during periods of intermediate and low sea level, for example when sea level was 30−55 m and 80−90 m below the present level (Table 1) .
Erosional features
Evidence for erosion is observed across a range of modal depths on the Australian shelf, indicating repeated episodes of shoreline sculpturing during the Late Quaternary. Thus, benches cut into the seabed on the Rottnest and Lord Howe Island shelves occur at around the 70 m isobath (Brooke et al., 2010a, b) . However, on the Lord Howe Island Shelf, there is a series of benches between 65 and 100 m depth (Woodroffe et al., 2010) that likely relate to interstadial periods of lower sea level, possibly in MIS 3. On the Northwest Shelf, a submarine cliff with up to 8 m of relief occurs in segments along hundreds of kilometres of shelf, approximately parallel to the modern coast, at a depth of around 120 m (James et al., 2004) . This structure likely represents the shoreline that formed during the Last Glacial Maximum, around 21 ka. On the Lacepede Shelf erosional 'nick points' that likely represent cliffs have been identified in singlebeam echosounder profiles at depths of approximately 68 and 100 m (Sprigg, 1979) . Further east on the Otway Shelf, a relict shoreline cliff with up to 14 m of relief lies in depths of around 60 m, the depth indicating the cliff was most recently cut during the first half of MIS 3 (~60-50 ka; Bezore et al., 2016; Fig. 4b ).
Deep, tidally-incised channels have been recorded at a number of locations on the Australian shelf (Harris, 1994; Harris et al., 2005 ; Table 1 ). In the Torres Strait -northern Great Barrier Reef and outer Bonaparte Gulf regions these channels, with depths of up to 230 m, are inferred to have formed when sea level was 30-50 m below the present position and tidal currents between platform reefs were enhanced Courgeon et al., 2016) . Continental shelves globally also appear to record erosion when sea level was around 40 m lower, matching the second most persistent sea level over the last 516 ka (Harris and MacMillan-Lawler, 2016 ).
Benthic habitats, biodiversity patterns and environmental management
Palaeoshorelines form distinct zones of seabed complexity, especially where they comprise hard, three dimensional structures that contrast with adjacent sandy sediment or relatively flat seabed (Banks et al., 2008; Bax and Williams, 2001; McArthur et al., 2009; Fig. 4c, e, g) . Benthic communities associated with rocky seabed can be distinctly different to those living on adjacent flat, unconsolidated substrate (Ke et al., 1994; Green et al., 1998; Williams and Bax, 2001; Garza-Pérez et al., 2004; Beaman et al., 2005; Post et al., 2006; McArthur et al., 2009; Przeslawski et al., 2011 Przeslawski et al., , 2015 . The physical complexity and associated interaction with bottom currents provides habitat and food for sessile biota and a range of other organisms that utilize the food and shelter they provide (Greene et al., 2007a, b; Wedding et al., 2008; Kracker et al., 2008) . For example, rugose hard features (e.g. relict cliffs, benches, cemented barrier remnants) and drowned biogenic reefs offer refuge from predators and settlement surfaces not available on flat seabed (Reise, 1981; Tsuchiya and Nishihira, 1986; Nakamura and Sano, 2005; Callaway, 2006) , provide habitat structure for juvenile and adult animals (Kostylev et al., 2003) and influence foraging patterns (Erlandsson et al., 1999) .
Habitat heterogeneity is often associated with high species richness (Gladstone, 2007; Guevara-Fletcher et al., 2011) , resulting in greater diversity than would occur on less complex seabed (Peterson et al., 1998; Wedding et al., 2008; McArthur et al., 2010) . Numerous studies have shown that palaeoshoreline features on the Australian shelf provide three-dimensional structures supporting benthic communities that contrast with the adjacent seabed, which is often flat and sediment covered (e.g. Beaman et al., 2005; Post et al., 2006; Beaman and Harris, 2007; Harris et al., 2007 Harris et al., , 2013 Brooke et al., 2012a; Nichol et al., 2012; Anderson et al., 2013) . On the northern Australian shelf, carbonate banks that originally formed as near-surface coral reefs during periods of lower sea level (Fig. 4f) , in combination with other environmental variables, support biodiversity 'hot spots' (Przeslawski et al., 2015) .
The presence of palaeoshoreline structures on continental shelves may help explain broad patterns of seabed biodiversity that do not reflect the pattern expected when considering typical across-shelf variations in environmental variables (e.g. temperature, salinity, oxygen concentration, light availability, sediment type; Snelgrove, 2001; Williams et al., 2010) . For example, at the regional-to continentalscale, extensive, elongate biomes of demersal fish on the Australian shelf occur in depth zones of 70-100 m and 120-150 m (Lyne et al., 2009) , which overlap the depths at which large-scale palaeoshoreline structures occur on the Australian shelf (e.g. relict barriers and shoreline cliffs; drowned coral reefs; Table 1 ; Fig. 3a) . It may therefore be the case that these structures provide attractive habitat for these fish communities because it is an environment where food and shelter are available, particularly where benthic biodiversity is well developed such as in sponge gardens and kelp forests.
The key role of palaeoshorelines as fundamental components of large-scale benthic ecosystems highlights the importance of knowledge of the form and distribution of these features for marine environmental management and conservation plans (Riegl and Piller, 2003; Department of Sustainability, Environment, Water, Population and Communities, 2012) . In particular, these features provide hard benthic habitats for long-lived epifaunal communities that are suitable for nondestructive monitoring (e.g. using underwater cameras; AUVs). Accurate maps of these features can also improve the efficiency of biological sampling for characterizing biodiversity patterns Monk et al., 2016) . Palaeoshoreline features have also been employed as useful physical surrogates in predictive modelling of communities and species (Beaman et al., 2007; Post et al., 2006; Huang et al., 2014; Przeslawski et al., 2015) .
Examples from other shelves
Palaeoshoreline structures have been reported on a range of shelves in both hemispheres and there is potential to link these to the sea-level modal positions identified in this study. Extensive linear features, similar to the drowned barriers on the shelf of southwestern Western Australia (Table 1) , have been reported at similar depths on continental shelves of southern and eastern South Africa (Birch et al., 1978; Martin and Flemming, 1986; Bateman et al., 2004 Bateman et al., , 2011 Cawthra et al., 2012 Cawthra et al., , 2014 Cawthra et al., , 2015 and Mozambique (Ramsay, 1994) . These features were originally coastal barriers and transgressive dune fields that have partially withstood erosion during the post-glacial marine transgression due to their lithification into eolianite ridges, which were emplaced during stadial and interstadial periods of MIS 5 (after the highstand of MIS5e) and possibly earlier (Cawthra et al., 2012 (Cawthra et al., , 2014 .
Wave-cut terraces and cliffs formed during lower sea levels have also been mapped on the South African shelf (Cawthra et al., 2014 (Cawthra et al., , 2015 and in detail at several sites on shelves around the Iberian Peninsula and the Balearic Islands (Fernández-Salas et al., 2015) . These include a series of terraces on the Cantabrian Shelf at depths of 37 m, 52-56 m, 70-75 m and 87-90 m (Galparsoro et al., 2010) ; several terraces between 50 and 84 m on the Gulf of Cadiz Shelf; and terraces on the middle and outer areas of the southeastern and Balearic shelves (Fernández-Salas et al., 2015) . In all cases, these features generally align with the primary sea-level modes of the Late Quaternary (Fig. 3b) . Similarly, wave-cut shore platforms have also been reported on shelves around the Maltese Islands at depths of 130 m, cut during the Last Glacial Maximum, and at 15, 49 and 76 m, likely related to periods during the post-glacial marine transgression (Foglini et al., 2015) .
Extensive, linear Holocene shelf reefs, which developed as near-seasurface coral reefs between 9000-7000 years ago, form prominent approximately shore-parallel structures in depths of approximately 30-40 m on the shelf of southeast Florida (Toscano and Lundberg, 1998; Finkl et al., 2005; Banks et al., 2008) . Similar relict, submerged coral reefs and carbonate banks are common throughout the Caribbean (Macintyre, 1988; Macintyre et al., 1991; Hubbard et al., 2008) .
These initial observations of the depth distribution of palaeoshoreline features on a number of different continental shelves suggest that patterns in the depth range of these structures are predictable because they are reasonably consistent with the Late Quaternary sea level record, similar to the Australian shelf (Table 1) . Variations are likely related to tectonic movements at the local to regional scale (MurrayWallace and Woodroffe, 2014).
Applications of palaeoshoreline data
Knowledge of the depths at which palaeoshorelines occur on the Australian shelf (Table 2 ) provides a first-order indication of the depths at which past human occupation under lower sea levels may have occurred. The environmental regime that ancient humans experienced on some subaerially exposed continental shelves was different to that of modern continental margins (e.g. cooler sea-surface temperatures; different wind regimes, less compartmentalized shoreline morphology; Harff et al., 2015b) . Therefore, archaeological records that may be preserved on the shelf have the potential to provide a range of new information on the impacts on ancient societies of a 'glacial' climate and the associated periods of rapid environmental change (e.g. rapid marine transgression following the Last Glacial Maximum; Harff et al., 2015b) . Also, acoustic seabed mapping instruments (MBES, side-scan sonar, sub-bottom profilers) have the ability to resolve finer scale structures that may record past occupation, such as submerged rock overhangs and stone fish traps (Ward et al., 2014; Nutley, 2014) .
Accurate data on the location and form of ancient coastlines is also important in the mapping of potential seabed resources, for example the location of sand resources suitable for beach nourishment and construction material (e.g. Roy, 1998; Whitehouse, 2007) . These morphological data are also essential for accurate modelling of hydrodynamic processes on the shelf and coast, such as sediment transport and coastal inundation (e.g. Nielsen et al., 2005; Moriarty et al., 2014) .
Conclusions
Palaeoshorelines on the tectonically stable Australian continental shelf occur in depth zones that reflect stands of Late Quaternary sea level tens of metres lower than present with a relatively long duration. These relict coasts record a wide range of distinctive coastal and marine environmental regimes. This diversity of coastal structures and the stability of the shelf over the last interglacial/glacial cycle provide a rich dataset from the Australian shelf that can be used as a first-order predictor of the depths at which palaeoshorelines are likely to occur on other shelves globally.
Palaeoshoreline structures can form zones of physically complex seabed that provide habitat for a range of biological communities that contrast with communities found on adjacent unconsolidated sedimentary or flat seabed. Similar structures have been reported at several locations in both hemispheres, indicating the wide utility of palaeoshoreline data for informing marine environmental management and conservation. Palaeoshoreline data can also provide a useful geospatial framework for targeting areas with potential to contain offshore resources and sites of human occupation during periods of lower sea level, an important objective in archaeological studies of human migration and adaptation to rapidly changing sea level.
